Abstract A first attempt to measure the molecular compositions of pigments in paintings using static SIMS was made. An investigation of pellets of pure pigments such as auripigment and verdigris allowed the detection of numerous high m/z ions useful for molecular identification. Analysis of pigments in embedded paint fragments, on the other hand, only yielded elemental information because of charge build-up and contamination problems. Optimization of the form in which the sample is presented to the analysis method is obviously the price to pay for the ultimate sensitivity and information depth of S-SIMS.
Introduction
Paintings, frescoes, miniatures and illuminated manuscripts are an integral part of our cultural heritage. Some of the pigments used in these objects, including their arrangements, are characteristic of the period in which the work of art was created. They also provide information about the region where the pigments were purchased or produced, and in most cases, they provide the means to authenticate the work of art. Microscopic and molecular information about the nature and the distribution of pigments and binding media therefore enable us to answer technical questions about the history of art, such as the deciphering the original appearance of a painting, or establishing the optimum chemical and physical conditions required by the work of art before conservation and restoration [1] . The latter is necessary when deciding upon the correct treatment method used to conserve or restore the artefacts.
Several elemental analysis methods are currently exploited for the analysis of painted works of art, including X-ray fluorescence (XRF) and particle induced X-ray analysis (PIXE), while methods such as X-ray diffraction (XRD), Raman and static secondary ion mass spectrometry (S-SIMS) can also deliver specific molecular information [2] [3] [4] [5] [6] [7] [8] [9] .
One of the major advantages of S-SIMS resides in its potential ability to characterize and image both inorganic and organic analytes. It therefore represents one of the few methods capable of closing the traditional gap between the fields of organic and inorganic analytical chemistry. This capability has been demonstrated in work by the research group at AMOLF [10] [11] [12] for the study of paint crosssections.
In this study we have explored the ability of time-of-flight static secondary ion mass spectrometry (TOF S-SIMS) to characterize pure pigments and pigments in paint layers by providing molecular information. By retrieving molecular information on inorganic compounds, we intend to address the growing demand from scientific and technological research to specify the local composition of a sample in terms of molecules rather than elements. It is evident that the behavior and properties of bulk materials and interfaces between them are governed by the structures and the interactions of molecules.
Fourier transform laser microprobe mass spectrometry (FT LMMS) has also been used, as a complementary technique for exploring the potential benefits from probing the soft local energy regime during analysis, where no charge build-up occurs for insulating samples. Table 1 surveys a selection of commonly used inorganic pigments. Auripigment and verdigris (Kremer Pigments, Aichstetten, Germany) were used in this study as examples of pure pigments. They were pressed into pellets (diameter 1 cm, thickness 1-2 mm), using a common powder press at 6 ton cm Figure 1 shows light microscopy images of the two cross-sections.
Experimental
SIMS analyses were performed with a TOF-SIMS IV (ION-TOF, Germany) instrument, equipped with an ion reflector. Analyses were performed using a Ga + liquid metal ion source operated at 25 kV beam voltage under charge compensation. The choice of this beam was motivated by the ability to record both spectra and images.
Data for each powder were collected for 300 s with a raster of 300×300 μm 2 using the Ga + primary ion beam. Data on the cross-sections of the paint layers were acquired over an area of 150×150 μm 2 for 890 s with a total ion dose of 2.5×10 12 ions cm
. FT LMMS analyses were performed with an instrument developed at the University of Antwerp from a Spectrospin CMS 47X FTMS (Bruker Spectrospin, Billerica, MA, USA) [13] . The system uses an Infinity Cell TM [14] in a 4.7 T magnet with an external ion source where the ionization takes place. A frequency quadrupled Nd:YAG laser (Quanta Ray DCR 2-10, Spectra Physics, Mountain View, CA, USA) operated at a wavelength of 266 nm was mounted in reflection geometry (45°incidence angle) in order to ionize the specimen. Details of the conversion are described elsewhere [15] . The spot diameter on the sample is 5 μm. The power density on the sample can be varied in the range 10 6 to 10 11 W cm -2
. The region of interest is positioned for analysis in the waist of the laser under microscopical observation (magnification of 700×). Ions are transported from the ion source by a home-made ion optical transfer line using static electrical fields [16] . The instrumental configuration only allows ions within a limited m/z range to be trapped due to the so-called TOF effect, which is fully described elsewhere [17] . Results and discussion Molecular speciation of pure pigments SSIMS has emerged as a promising technique when it comes to obtaining molecule-specific information [18] [19] [20] [21] [22] [23] .
Its potential advantage here derives primarily from the use of a low flux ion bombardment resulting in relatively high molecular ion yields, although the ion yield may be much lower in comparison to elemental ions. The latter problem can be resolved by using a mass analyzer with high transmission, such as a time-of-flight mass spectrometer, which gives a good sensitivity. An other alternative would be to use polyatomic projectiles. These offer, in principle, significant potential to increase the molecular information in S-SIMS [20] [21] [22] [23] .
Positive and negative SIMS spectra from auripigment are shown in Fig. 2 . Note that analytes containing arsenic generally do not yield elemental ions. The signals in both ion detection modes essentially refer to sulfide and oxide species or combinations of them. Although the composition is specified as As 2 S 3 , it is well known that the pigment Fig. 2 Positive (a) and negative (b) ion mass spectra from a pellet of auripigment usually contains oxides. Distinguishing between the oxide and sulfide ions is not always feasible in the high m/z range but the pattern of As n O m + and As n O m -is comparable to that observed in the spectra of As 2 O 3 and As 2 O 5 .3H 2 O [20] .
The mass spectra of the verdigris, shown in Fig. 3 , clearly demonstrate the acetate component of the pigment, which allows us to distinguish it from another commonly used green pigment, malachite, a copper carbonate (CuCO 3 ·Cu (OH) 2 ). In the positive ion mode, the CH 3 + signal is unusually intense and prevalent peaks refer to the monomeric and dimeric adducts (one or two analyte molecules attached to a stable ion). Interestingly, the detection of ions such as (CH 3 COO) Cu.Cu + refer to the presence of the Cu(I) form or its generation during primary ion bombardment. The corresponding intensity of the (CH 3 COO) Cu.Cu + peak is lower than for the acetate-related ions. In the negative ion mode, the copper acetate component is detected as a molecular ion and as an adduct with acetate anions. The relative contribution of the oxide-related ions is rather limited. The detection of Sn + in spectrum C is associated with cross-contamination between the layers. The sample position must be adjusted at a repetition rate of 1 Hz and accurate selection of one layer is not obvious because of the poor visibility. Improvement of the illumination system is desirable for such applications.
The mass spectra in FT LMMS are typically accumulated over 100 shots. The latter implies that a layer (lateral dimension 20 μm) is analyzed over a length of about 125 μm. In TOF SIMS, the surface is sampled from 20×150 μm 2 (size of vertical feature). Hence, the area used for signal generation in both instruments is comparable. However, the typical crater depth in FT LMMS is 100-300 nm, while in principle TOF S-SIMS consumes only a fraction of the uppermost monolayer, although the subsurface is molecularly destroyed over, say, 50 nm and therefore should be considered to be "consumed" as well. This means that the sensitivities of both instruments are in the same range, at least for sufficiently thick layers.
Although FT LMMS provides a better intensity ratio of adducts over elemental ions than TOF S-SIMS for most inorganic analytes, no molecular information has been obtained from these samples. There are several reasons for this. Delicate tuning is the price to be paid for microanalysis with high mass resolution, while the sensitivity is similar to that in a TOF MS system. As a result, quite a few shots are required to optimize the voltages for each sample and the region of interest is rapidly consumed for these embedded paint fragments. In this respect, it would have been beneficial to analyze the outer layers of a unembedded sample.
Conclusions
The potential of TOF S-SIMS with Ga + primary ions to accurately characterize the pigments in microscopical samples from laboratory-made and medieval art objects has been studied. Specifically, embedded multilayer paint fragments have been characterized in cross-sectioned samples. Additionally, pigment particles recovered by rubbing a cotton tip over an ancient manuscript have been studied.
The paint fragments were prepared using ingredients and techniques given in historical sources. Prior investigation of typical pigments used, such as auripigment and verdigris, has allowed the detection of numerous high m/z ions for molecular identification. However, in the embedded paint fragment, image information was only obtained for elemental ions from the pigments (not even all of them) and low m/z HC ions from the embedding medium. In our opinion, the main reason was the sample preparation, which yielded the paint fragment in the middle of a relatively large and thick cube of nonconductive resin. The resulting charge build-up is significant, and in our experience this is detrimental to the generation of high m/z ions. Complementary experiments with FT LMMS have confirmed the results, and no additional molecular information has been obtained. The specimen preparation is not ade- Fig. 1 quate here either. The sensitivities of both instruments appear to be very similar, as calculated on the basis of the signal intensities in comparison to the consumed or damaged sample volume.
The manuscript pigment particles were transferred from the cotton tip to a more suitable silicon substrate. This was later shown to be a far from ideal procedure for subsequent analysis by TOF S-SIMS. Localization of the particles of interest within the numerous cotton fibres is problematic, and contamination of the pigment particles is likely to occur. No molecular information was obtained and even elemental ion detection was limited.
The results essentially illustrate the need for better sample preparation procedures. As analytical procedures become more sensitive and refined, "common" procedures for sampling and specimen handling become less adequate. In particular, in methodologies designed for analysis of asreceived samples, it is common to expect progress from new instrumental developments, but it often turns out that much more attention needs to be paid to basic operations in order to make the sample compatible with the instrumental technique. This has been confirmed in a study by Van Loon et al., who has emphasized the importance of correct surface preparation when performing imaging analytical studies [24] .
